Abstract-Content caching is an efficient technique to reduce delivery latency and system congestion during peak-traffic times by bringing data closer to end users. Existing works consider caching only at higher layers separated from physical layer. In this paper, we study wireless caching networks by taking into account cache capability when designing the signal transmission. In particular, we investigate multi-layer caching and their performance in edge-caching wireless networks where both base station (BS) and users are capable of storing content data in their local cache. Two notable uncoded and coded caching strategies are studied. Firstly, we propose a coded caching strategy that is applied to arbitrary value of cache size. The required backhaul and access rates are given as a function of the BS and user cache size. Secondly, closed-form expressions for the system energy efficiency (EE) corresponding to the two caching methods are derived. Thirdly, the system EE is maximized via precoding vectors design and optimization while satisfying the user request rate. Finally, numerical results are presented to verify the effectiveness of the two caching methods.
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I. INTRODUCTION
Future wireless networks will have to address stringent requirements of delivering content at high speed and low latency due to the proliferation of mobile devices and data-hungry applications. It is predicted that by 2020, more than 74% of network traffic will be video [1] . On the other hand, only 5-10% of the files are frequently requested. Various network architectures have been proposed in order to boost the network throughput and reduce transmission latency such as cloud radio access networks and heterogeneous networks. Despite potential high rate in the new architectures, traffic congestion might occur during peak-traffic times. A promising solution to reduce latency and network costs of content delivery is to bring content closer to end users via distributed storage across the network, which is referred to content placement or caching [2] and usually consists of two phases: placement and delivery. In the former, popular content is duplicated and stored in distributed caches in the network. The delivery phase usually occurs during peak-traffic hours when the actual users' requests are revealed. If the requested content is available in the user's local storage, it can be served locally without being sent via the network. In this manner, caching allows This work is supported in part by Luxembourg FNR Core program under the project code I2R-SIG-PFN-13SEMI and in part by European Union funding under the project code I2R-SIG-PEU-15SNSA. significant throughput reduction during peak-traffic times and thus reducing network congestion [2] , [3] .
Caching strategies can be classified into two main methods: uncoded and coded caching. The uncoded caching strategy prefetches and delivers content to users independently without coordination [2] , [4] . The caching gain can be improved via multicasting a fixed combination of files during the delivery phase in coded caching [3] . By carefully prefetching content into the caches and designing coded data, all users can decode their desired content via a multicast stream. It is shown in [3] that the coded caching achieves a global caching gain on top of local caching gain. This gain is inversely proportional to the total cache memory. Rate-memory tradeoff is investigated in device-to-device (D2D) networks [6] and secrecy constraint [5] . In [7] , the authors study the tradeoff between the cache memory at edge nodes and the transmission latency. The ratememory tradeoff of multi-layer coded caching networks is studied in [8] . Note that the global gain brought by the coded caching comes at a price of coordination since the data centre needs to know the number of user in order to construct the coded messages. Recently, energy efficiency (EE) of a cacheassisted networks has been received considerable attentions. Focusing on the content placement phase in heterogeneous networks, the authors in [9] study the trade-off between expected backhaul rate and energy consumption. In [10] , the impact of caching is analyzed via close-form expression of the approximated network EE.
In this paper, we investigate the performance of edgecaching wireless networks in which both users and base station (BS) are capable of storing content data [11] . Our contributions are as follows:
• Firstly, we propose a coded-caching strategy that is applied to arbitrary value of cache size. The required rates on backhaul and access links are given.
• Secondly, we analyze the system EE under the two notable caching strategies: uncoded and coded caching.
In particular, closed-form expression for the EE is given which reveals insight contributions of cache capability at the BS and users.
• Thirdly, we design and optimize the precoding vectors in order to maximize the system EE while satisfying user request rate. The maximum EE is derived in closedform for zero-forcing (ZF) precoding and is obtained via semi-definite relaxation (SDR) for general beamforming design. Our paper differs from [9] , [10] as following.
We focus on the delivery phase, while [10] considers the placement phase. We consider multi-layer cache and the two caching strategies, while [9] only consider cache available at BS with uncoded caching algorithm. Finally, the EE is evaluated via numerical results. It is shown that the uncoded-caching is more efficient only for the small user cache sizes. The rest of this paper is organised as follows. Section II presents the system model and caching strategies. Section III analyses the system EE. Section IV presents the proposed EE maximization algorithms. Section V shows numerical results. Finally, Section VI concludes the paper.
II. SYSTEM MODEL
We consider the downlink edge-caching wireless network in which one BS equipped with L antennas serving K singleantenna users with K ≤ L, as depicted in Figure 1 . The BS serves all users via wireless medium and connects to the data centre via a error-free, bandwidth-limited backhaul link. The wireless transmissions are subject to block Rayleigh fading channels, in which the channel fading coefficients are fixed within a block and are mutually independent across the users. The block duration is assumed to be long enough to complete one file request session. The data centre contains N files of equal size of Q bits 1 and is denoted by F = {F 1 , . . . , F N }. The library size is NQ bits.
A. Caching model
In order to leverage the traffic in the network, the BS is equipped with a storage memory of size M b (files) and the users are equipped with a memory of size M u (files)
We consider off-line caching, in which the content placement phase is accomplished during off-peak times [3] . For robustness, we consider the completely distributed placement phase in which the BS is unaware of user cache's content. In particular, the BS randomly stores
N bits of every file in its 1 In practice, unequal file size can be divided into trunks of subfiles which have the same size.
cache, which are randomly chosen. Similarly, each user stores MuQ N bits of every file in its cache under the uncoded caching strategy. The placement phase at the user caches under the coded caching is similar to [3] .
At the beginning of a file request session, each user requests one file from the data centre. In order to focus on insight interplay between the EE and storage capacity, we assume that the file popularities follow a uniform distribution, i.e., the probability of one file being requested by a user is 1 N [3] . The general file popularity distribution is left for future work. Denote d 1 , ..., d K as the file indices requested by user 1, ..., K, respectively. If the requested file is in the user cache, it can be served immediately. Otherwise, this file is sent from the BS's cache or the data centre through the backhaul link during the delivery phase.
We consider two notable caching methods for the delivery phase: uncoded caching and coded caching. We will calculate the required throughput (bits) of the backhaul and access links in order to serve one request session (number of bits sent through backhaul and access links for one file request session).
1) Uncoded caching:
The straightforward method is to send the users parts of the file which are not in its local cache [2] . We note that the users do not know the cache content of each other. The advantage of this method is robustness and it does not require coordination. The total number of bits transmitted via the backhaul link, Q unc,BH , and the access links, Q unc,AC , are given in the following proposition. 2) Coded caching: In this method, the data centre first intelligently encodes the requested files and then sends them to the users. We note that the data centre needs to know the number of users in order to construct the coded bits. 
, and the backhaul thoughtput is Q cod,BH = (1 −
. Proposition 2, where its proof can be found in [14] due to space limitation, derives the access links' throughput under the coded-caching strategy for arbitrary value of M u . In the special case δ = 0 and MuK N ∈ Z + , Q cod,AC is shorten as
1+KMu/N , which can also be found in [3] . Note that [3] only derives the access link's rate for limited values of M u such that KMu N is an integer. In other words, Proposition 2 closes the gap in [3] for arbitrary value of the user storage capability M u .
B. Transmission model
Let h k ∈ C L×1 denote the channel vector from the BS antennas to user k, which follows a circular-symmetric complex
is the parameter accounting for the path loss from the BS antennas to user k. The BS is assumed to know perfect channel state informations (CSI) from all users. In practice, robust channel estimation can be achieved through the transmission of pilot sequences. When a user requests a file, it first checks its own cache. If the requested file is already in its cache, it can be served immediately. Otherwise, the user sends the requested file's index to the data centre. If the requested file is not at the BS cache, it will be sent from the data centre to send via the backhaul link. Then the BS transmits the requested file to the user via the access links.
1) Signal transmission for uncoded caching strategy:
The data stream for each user under the uncoded caching method is transmitted independently. Denote F d1 , . . . , F d K as the requested files from user 1, . . . , K, respectively, and F d1 , . . . ,F d K as parts of the requested files which are not at the user cache. The BS will send these subfiles to the users. First, the BS modulatesF f k in to the modulated signal x k and then sends it through the access channels. The BS first precodes the data before sending to the BS antennas. Denote w k ∈ C L×1 as the precoding vector for user k. The received signal at user k is given as
where n k is Gaussian noise with zero mean and variance σ 2 . The first term in y k is the desired signal, and the second term is the inter-user interference. The signal-to-interference-plus-noise ratio at user k is given as
The information achievable rate of user k is R unc,k = B log 2 (1 + SINR k ), with 1 ≤ k ≤ K and B is the channel bandwidth. In order for user k successfully decode the requested file, it must hold R unc,k ≥ γ, ∀k, where γ is the minimum request rate.
The transmit power on the access links under the uncoded caching policy is P unc = K k=1 w k 2 .
2) Signal transmission for coded caching strategy:
One can use the beamforming design derived in the previous subsection to delivery the requested files in the coded-caching method. However, since the coded caching strategy transmits a common (coded) message X S (see [3] , [14] for details) to all users during the delivery phase, using the orthogonal beams might result in resources redundancy. Instead, the BS applies physical-layer multicasting to precode the coded data [12] . In this method, the BS uses only one precoding vector w ∈ C L×1 . The received signal at user k is given as y k = h H k wx + n k , where x is the modulated signal of message X S . The achievable rate at user k under the coded transmission is R cod,k = B log 2 (1+ ). In order to successfully deliver the data to all users, it must hold R cod,k ≥ γ, ∀k.
The transmit power on the access links under the coded caching policy is P cod = w 2 .
III. ENERGY-EFFICIENCY ANALYSIS
This section analyzes the energy-efficiency of the considered networks under two uncoded and coding caching strategies.
Definition 1 (Energy efficiency):
The energy efficiency measured in bit/Joule is defined as how many delivered bits per Joule: EE = KQ EΣ , where KQ is the total requested bits from the K users and E Σ is the total energy consumption for sending the requested bits in one file request session.
Since the cache placement phase in off-line caching occurs much less frequently (daily or weekly) than the delivery phase, we assume the energy consumed by the placement phase is negligible and thus E Σ is the energy cost in the delivery phase.
A. EE analysis for uncoded caching strategy
The total energy cost under the uncoded caching policy is given as E unc,Σ = E unc,BH + E unc,AC , where E unc,BH and E unc,AC are the energy cost on the backhaul and access links, respectively [13] 2 . To compute the energy consumption on the access links, we should note that each user requests Q unc,AC /K bits. The uncoded caching strategy sends these bits to each user independently via unicasting. Since the user request rate is γ, it takes Qunc,AC Kγ seconds to complete the transmission. Therefore, the total energy consumed on the access links is calculated as E unc,AC = Qunc,AC
Sine the backhaul link provides enough capacity to serve the access network, the energy cost on the backhaul is modelled as E unc,BH = ηQ unc,BH = ηKQ 1 −
N , where η is a constant. In practices, η can be seen as the pricing factor used to trade energy for transferred bits [13] . The actual value of η depends on the backhaul technology.
Therefore, the EE under the uncoded caching strategy is
It is observed from (1) that the EE under uncoded caching strategy is jointly determined by the cache capacities M u and M b and the transmitted power on the access links.
B. EE analysis for coded caching strategy
The energy cost on the backhaul link under the coded caching strategy is given as E cod,BH = ηQ cod,BH , where η is the pricing factor. In order to calculate the energy consumption on the access links, E cod,AC , we note that the BS broadcasts same information X S to all users in the delivery phase. Therefore, the time duration needed for the BSs to broadcast all Q cod,AC bits to all the users is Q cod,AC /γ. The total energy consumed by the BSs in this case is given as ∈ Z + , i.e., δ = 0, the EE under the coded-caching strategy is shorten as
Similar observation as in the uncoded caching strategy, the EE under the coded-caching is determined by the storage capability at the BS and users and the transmitted power on the access link. We first study the two caching strategies when the energy consumption on the backhaul is negligible. This occurs when the BS cache is large enough to prefetch all the files. In this case, the EE only depends on the user cache size. Figure 2a presents the EE of the two caching strategies as the function of the normalized user cache size (the user cache size M u divided by the library size N ). The EE is plotted based on the optimal precoding vectors obtained from Section IV. It is shown in the figure that the uncoded caching achieves higher EE than the coded caching when the normalized user cache is less than 0.2, which suggests to use uncoded caching when M u is small. This result is important guideline for practical systems to use the uncoded caching since the user cache is usually capable of storing a small portion of the library in practice. Another observation is that the uncoded caching under SDR design achieves higher EE than the ZF for all user cache size. This is because the SDR design is more efficient than the ZF precoding. Figure 2b compares the EE for various user cache size when M b = 0.7N . In general, the coded caching method is more efficient than the uncoded caching for all user cache size. Increasing user cache capability results in larger gain of the coded-caching compared with the uncoded method. Figure 2c compares the EE for different BS cache size when M u = 0.5N . Similar conclusion as the previous case that the coded-caching significantly outperforms the uncoded method for all M b range. It is also shown that the SDR design achieves similar EE as the ZF when M b is small. From the practical point of view, ZF design is preferred in this case because of its low complexity. When M b increases, the SDR achieves higher EE than the ZF.
VI. CONCLUSIONS
We have analyzed edge-caching wireless networks in which both BS and users are capable of storing content files in their local cache. First, we derived the required rate on backhaul and access links under the coded-caching strategy for arbitrary cache size. Second, we analyzed the system energy efficiency for both coded-caching and uncoded caching strategies. Based on the derived formulas, the EE was maximized via precoding design and optimization. It was shown that the uncodedcaching is more energy efficient than coded caching only when the user cache size is small.
